Mycoplasma mobile, a parasitic bacterium lacking a peptidoglycan layer, glides on solid surfaces in the direction of a membrane protrusion at a cell pole by a unique mechanism. Recently, we proposed a working model in which cells are propelled by leg proteins clustering at the protrusion's base. The legs repeatedly catch and release sialic acids on the solid surface, a motion that is driven by the force generated by ATP hydrolysis. Here, to clarify the subcellular structure supporting the gliding force and the cell shape, we stripped the membrane by Triton X-100 and identified a unique structure, designated the ''jellyfish'' structure. In this structure, an oval solid ''bell'' Ϸ235 wide and 155 nm long is filled with a 12-nm hexagonal lattice and connected to this structure are dozens of flexible ''tentacles'' that are covered with particles of 20-nm diameter at intervals of Ϸ30 nm. The particles appear to have 180°rotational symmetry and a dimple at the center. The relation of this structure to the gliding mechanism was suggested by its cellular localization and by analyses of mutants lacking proteins essential for gliding. We identified 10 proteins as the components by mass spectrometry and found that these do not show sequence similarities with other proteins of bacterial cytoskeletons or the gliding proteins previously identified. Immunofluorescence and immunoelectron microscopy revealed that two components are localized at the bell and another that has the structure similar to the F1-ATPase ␤ subunit is localized at the tentacles.
M
ycoplasmas are commensal and occasionally parasitic bacteria with small genomes that lack a peptidoglycan layer (1) . Several mycoplasma species form membrane protrusions, such as the head-like structure in Mycoplasma mobile and the attachment organelle in Mycoplasma pneumoniae (2) (3) (4) (5) (6) (7) (8) 46 ). On solid surfaces, these species exhibit gliding motility in the direction of the protrusion; this motility is believed to be involved in the pathogenicity of mycoplasmas (3-5, 9, 10, 46) . Interestingly, mycoplasmas have no surface flagella or pili, and their genomes contain no genes related to known bacterial motility. In addition, no homologs of motor proteins that are common in eukaryotic motility have been found (3-5, 11, 46) .
M. mobile, isolated from the gills of a freshwater fish in the early 1980s, is a fast-gliding mycoplasma (12) (13) (14) (15) (16) . It glides smoothly and continuously on glass at an average speed of 2.0 to 4.5 m/s, or three to seven times the length of the cell per second, exerting a force of up to 27 piconewtons (pN). Recently, we identified huge proteins involved in this gliding mechanism (17) (18) (19) (20) (21) , visualized the putative machinery and the binding protein (22, 23) , and identified the direct energy source used and the direct binding target (24) (25) (26) . On the basis of these results, we proposed a working model in which cells are propelled by ''legs'' composed of Gli349 repeatedly catching and releasing sialic acids fixed on the glass surface (3, 4, 18, 19, 27, 46) and driven by the force exerted by P42 (21) through Gli521 molecules, based on the energy of ATP hydrolysis.
This scenario leads to a crucial question: What physical structure could support a gliding force as strong as 27 pN at maximum, while maintaining the flask cell shape? As in the case of other mycoplasmas, M. mobile does not have a bacterial cell wall-i.e., a peptidoglycan layer. Moreover, the genome does not have bacterial cytoskeletal proteins, such as MreB or FtsZ (28, 29) . M. pneumonia, which is positioned at some distance from M. mobile on the phylogenetic tree in mycoplasmas, also can glide by its membrane protrusion (3, 4, 10, 30, 46) . This species has a cytoskeletal structure in the membrane protrusion, and some of its protein components have been identified (2-5, 31, 32, 46) . The M. mobile genome also lacks any homologs of these protein components (11) . In consideration of these facts, we currently have no clear answer to the above question.
In this study, to address this mystery, we analyzed the interior structures of M. mobile cells treated by a detergent under electron microscopy (EM), and found a cytoskeletal structure, plausibly supporting the gliding force of M. mobile.
Results

Surface and Inside Structures of the Cell Neck.
To determine the architecture of the gliding machinery, we observed the cell structures after treatment with various concentrations of Triton X-100 (Fig. 1) . The EM images of negatively stained intact cells showed a conical cell shape ( Fig. 1 A and D) , consistent with our previous work (15, 18, 19, 33) . On the cell surface, some filamentous structures were observed (Fig. 1E) . However, we cannot trace the outlines of these structures or claim that they are restricted to a special part because of the insufficient contrast of the images.
Next, we observed the cells treated with 0.01% Triton X-100 ( Fig. 1 B and F) . Under this condition, the cell membranes were partially damaged, and intracellular structures were observed, i.e., a solid block was apparent at the cell head, and many filaments could be seen at the neck. This structure, which we previously designated the ''ghost,'' can be reactivated for gliding when ATP is added extracellularly (26) . We tried treatment with various concentrations of Triton X-100 and found that the appearance of the cells did not change under the range of 0.003% to 0.03% Triton X-100. When we treated the cells with 0.1% Triton X-100, the inside structure was clearly visible (Fig. 1 C and  G) . The architecture found here featured a solid oval or half sphere at the cell head, and this structure is connected with dozens of filaments, which are decorated with periodicity of 30 nm by particles Ϸ20 nm in diameter (Fig. 2) . Based on this appearance, we named this cytoskeletal structure the ''jellyfish'' structure. The longer and shorter axes of the oval ''bell,'' which were taken as the mean value for 20 cells, were 235 Ϯ 31 nm and 155 Ϯ 32 nm. Occasionally, the bells show a lattice ( Fig. 1 I and  J) . Fourier transformation of the bell images showed clear periodicity of Ϸ12 nm and hexagonal alignment (Fig. 1K ). Although this lattice is likely derived from the intrinsic structure of bell, it is not always visible. The lattice may be an internal structure of the bell, and its appearance may depend on the staining condition of the jellyfish structure. The tentacles of the jellyfish structure were covered with particles. The number of 20-nm particles varied from 225 to 113 per cell. To clarify the outline of these particles by reducing the noise, we collected 970 particle images from six jellyfish structure images, and performed averaging. The images were integrated into the single image shown in Fig. 1H , which suggested a rotational symmetry of 180°. The particle appears to be formed of two identical blocks, each with two arms.
In previous studies, we tried to identify the putative inside structure by Triton extraction but failed (19) . In the present study, we improved two points. First, we treated the cells simultaneously by DNase. The removal of DNA strings greatly improved EM imaging and protein fractionation. Second, here, we used the adhesive strain, the gli521 mutant (P476R), as the standard strain (26) . The adhesive character was advantageous to keep the jellyfish structures on the grid through the treatments, resulting in Ϸ5-fold numbers of jellyfish structures than the case of the wild-type strain. No apparent structural differences could be found on the jellyfish structures between the wild type [supporting information (SI) Fig. 7 ] and the adhesive strains.
Jellyfish Structure in Mutants Deficient in Gliding. The localization of tentacles of the jellyfish structure corresponds to that of the gliding machinery, suggesting the involvement of gliding proteins in the jellyfish structure. Therefore, we compared the Tritonextracted structures of normally gliding strains and the nongliding and nonbinding mutants lacking each of the gliding proteins (Fig. 3) . The bell of the jellyfish structure in the mutants appeared to be similar to that of the gliding positive strains. However, the continuity and numbers of tentacles were reduced in the mutants. Most significant changes were found in the m9 mutant, which lacked the Gli521 protein. This disorder may suggest that the jellyfish structure is supported by the machinery formed by the gliding proteins clustering at the cell neck, although the jellyfish structure is not composed of these proteins (see below).
Identification of Protein Components of the Jellyfish Structure.
To identify the protein components of the jellyfish structure, we collected a Triton X-100-insoluble fraction of the cells and performed peptide mass fingerprinting (PMF). The cells were treated with various concentrations of Triton X-100, collected for the insoluble fractions, and subjected to SDS/PAGE (Fig. 4) . The number of protein bands decreased with the increase in the Triton X-100 concentration used. When the cells were treated with 0.3% Triton X-100, the protein profile of the fraction showed nine major protein bands, and the jellyfish structures could be clearly observed under EM. Gli521, Gli349, and Gli123 proteins were removed from this fraction to be Ͻ2% of the original amount. Thus, we concluded that these gliding proteins are not involved in the jellyfish structure. We cut the nine protein bands from the SDS/PAGE, subjected them to PMF, and succeeded in identifying the ORFs for six of them (Table 1) . We were unable to identify the ORFs for three of the proteins because of weak mass spectrometry signals or confusing results, which may have been caused by the mixture of source proteins. We further examined the five minor bands found in the fraction treated with 0.3% Triton X-100, because these proteins were suggested to interact with the jellyfish structure. To overcome the weakness of mass spectrometry signals caused by the low levels of protein, we used the corresponding protein bands from the trial using 0.03% Triton X-100 as a substitute. The protein bands a, e, h, and i could be clearly identified, indicating a lack of contamination by other proteins, showing that these protein bands were identical with the corresponding bands focused in the fraction that was treated with 0.3% Triton X-100. The fraction of the jellyfish structure from the wild-type strain showed the protein profiles indistinguishable from those of the standard strain, and the same ORFs were identified by mass spectrometry (data not shown).
The component proteins are coded in five loci on the genome (Fig. 5) . Six of the proteins are tandemly coded in a locus, as MMOB1620, MMOB1630, MMOB1640, MMOB1650, MMOB1660, and MMOB1670 from the 5Ј end (11) . Four of 10 identified ORFs have annotations, i.e., MMOB1660, MMOB1670, MMOB0150, and MMOB4530 are assigned to the F 1 -ATPase ␣-subunit, F 1 -ATPase ␤-subunit, xylose solutebinding protein, and phosphoglycerate kinase, respectively. MMOB1660 and MMOB1670 have clear similarity to a component of proton pump, namely F 0 F 1 ATPase, but no similarity was found between neighboring ORFs and the other components of functional proton pumps (34) .
Subcellular Localization of Protein Components of the Jellyfish Struc-
ture. To determine the localization of these protein components of the jellyfish structure, we made polyclonal antibodies and performed immunofluorescence microscopy (Fig. 6) . The antibodies against the bands of the protein encoded by MMOB1620, MMOB1630, MMOB1660, MMOB1670, and MMOB4860 were prepared in mice. Western blot analysis of the whole-cell lysate of M. mobile showed that these antibodies reacted only to the targeted proteins. Next, we performed immunofluorescence microscopy using these antibodies. No signal was detected when we fixed and labeled intact mycoplasma cells, as distinct from the results obtained for gliding proteins, including Gli349. These results are consistent with the EM observations, suggesting that the jellyfish structure lies within the interior of the cells. Therefore, we permeabilized the fixed cells with 0.1% Triton X-100 and labeled the proteins. The fluorescent signals clearly showed the localization of the proteins encoded by MMOB1630, MMOB1670, and MMOB4860 (Fig. 6) . Previously, we reported that the cell surface of M. mobile can be divided into three parts, namely, the head, body, and neck (17) . This feature can be easily observed by localization of surface proteins. All of the proteins involved in the gliding mechanism are localized at the neck, as represented by Gli349 (19) , and the proteins possibly involved in antigenic variation are localized in other regions, as represented by mobile variable surface proteins (Mvsps) N and O (17) (Fig.  6 ). The localization of three proteins of the jellyfish structure corresponded to this differentiation. The MMOB1630 and MMOB4860 proteins were localized in the head, as observed for Mvsps N and O, and the MMOB1670 protein was in the neck, as observed for Gli349 (Figs. 2 and 6 ). Antibodies to the MMOB1620 and MMOB1660 proteins did not show any signal, even when higher concentrations were applied for labeling, although the antibodies reacted to the target proteins with a level of sensitivity similar to that shown by other antibodies. These results suggest that the parts recognized by the antibodies of these two proteins are occluded under the conditions used. We also examined subcellular localization of MMOB1630, MMOB1670, and MMOB4860 by ImmunoGold EM and obtained the results consistent with those from immunofluorescence microscopy (SI Fig. 8 ). MMOB1630 and MMOB4860 did not show specific localization in the bell. The target of antiM-MOB1670 could not be identified in the image of tentacles, because the chemical fixation needed for ImmunoGold staining reduced the image resolution.
Discussion
Structures on the Cell Neck Surface. In a previous study, a leg structure of M. mobile was identified by quick freeze-fracture rotary-shadow EM (23). This structure, which was 50 nm long and 4 nm thick, protruded from the cell membrane and attached to the glass surface at its distal end. In the current study, the negative-staining EM method showed thin filamentous structures that were not found in previous studies (Fig. 1E) (10, 35) . These structures and the legs found under freeze-fracture EM differed in terms of their stiffness and thickness. However, we suggest that these images may have been derived from the same structure for the following reasons. First, as the major portion of each cell was removed in the freeze fracture procedure, only the legs tightly bound to the glass surface with some tension could be observed. This may have also caused changes in the apparent stiffness. Second, generally, deep etching and rotary shadowing, which are required for freeze-fracture EM, tend to make the structures look thicker.
Possible Roles of the Jellyfish Structure in Gliding. The cytoskeletal structure ''jellyfish'' (Fig. 2) is expected to play some role in the gliding mechanism for two reasons. First, the localization of tentacles corresponds to that of the gliding proteins (17) (18) (19) (20) , and second, the structure of the ''jellyfish'' was disordered in the mutants lacking gliding proteins, suggesting a physical interaction between the jellyfish structure and gliding machinery. In turn, what are the roles of the jellyfish structure in the gliding mechanism? Currently, we can propose three possibilities. Namely, the structure acts as (i) a scaffold to support the gliding machinery mechanically, (ii) a protein transporter to assemble the gliding machinery on the cell surface, or (iii) a force transmitter to coordinate leg movements. We examined the effects of antibodies against the component proteins of the jellyfish structure on gliding by using the gliding ghost system, in which the permeabilized cells can be reactivated for gliding by the addition of ATP (26) . None of the antibodies had any observable effect, although the accessibility of these antibodies was confirmed by immunofluorescence microscopy of chemically fixed ghosts (data not shown). However, this result does not necessarily rule out the above possibilities, because the binding of antibodies cannot always inhibit the protein function.
Jellyfish Structure Is Internal. The jellyfish structure was found by removing the cell membrane by Triton X-100 extraction, and none of the antibodies reacted with the proteins of the jellyfish structure in immunofluorescence microscopy if the cells were not permeabilized. These observations suggest that the structure is inside the cell. To confirm this, we treated the cell surface with sulfosuccinimidobiotin (Sulfo-NHS-biotin), which can modify the amino groups of side chains only when they are exposed on the exterior of a cell (36). Biotinization was not detected for the proteins of the jellyfish structure in blotting by avidin binding, although it was well detected for Ͼ10 surface proteins, including Gli349, MvspI, and so on (data not shown). This result shows that none of the jellyfish structure is exposed on the exterior of the cell.
Protein Components of the Jellyfish Structure. We clarified the localizations of three component proteins of the jellyfish structure ( Fig. 6 and SI Fig. 8 ). The MMOB1630 and MMOB4860 proteins were localized at the head, corresponding to the position of the bell observed by EM, and the MMOB1670 protein was localized at the cell neck, the position of the tentacles. These observations also suggest that the bell and tentacles of the jellyfish structure consist of different proteins (Fig. 2) . Six of 10 ORFs identified for the jellyfish structure are coded tandemly with very short gaps on the genome (Fig. 5) . On the other hand, six of seven ORFs in this locus code for the proteins of the jellyfish structure. These facts suggest that this locus may be responsible for the jellyfish structure. MMOB4530 is annotated to an enzyme functioning in glycolysis, phosphoglycerate kinase, which transfers a phosphate group from 1,3-bisphosphoglycerate to ADP, yielding ATP and 3-phosphoglycerate. This protein may stay in the jellyfish structure and provide ATP to the motor for gliding. MMOB0150 is annotated to ''xylose solute-binding protein'' involved in the xylose transport system. This may suggest that the xylose transport system is localized at the head and/or neck through the association with the jellyfish structure.
Function of the F1-ATPase-Like Protein in Gliding. The amino acid sequences of MMOB1660 and MMOB1670 show high similarity to the ␣-and ␤-subunits, respectively, of F 1 -ATPase, the catalytic subunit of proton pumps. For example, they have 38.8% identity in 420 residues with the F 1 -ATPase ␣-subunit and 48.0% identity in 427 residues with the F 1 -ATPase ␤-subunit of Bacillus subtilis. However, these proteins are unlikely to function in a proton pump, because the proton pump of B. subtilis requires an additional seven subunits (37) , and the M. mobile genome has another locus containing the complete set of pump subunits.
At the base of the type III secretion system (TTSS) in Gram-negative bacteria, there is a protein subunit possessing high similarity to the F 1 -ATPase ␤-subunit, as represented by FliI of swimming flagella and InvC of the needle complex of Salmonella typhimurium (38, 39) . These proteins function as a motor of the protein transporter. MMOB1660 and MMOB1670 may also function as the protein transporters for gliding proteins in M. mobile.
MMOB1670 is composed of 784 residues of amino acids, making it 311 and 314 residues longer than the proton pump ␤-subunits of B. subtilis and M. mobile, respectively. The comparison of these protein sequences showed that the amino acid sequence from the 1st to 299th residues in MMOB1670 is the extra region. Analyses by BLAST search showed that this extra region does not have similarities to any other proteins. This region is related to functions that are specific to M. mobile.
Azide, an inhibiter of proton pump ATPase, is known to react specifically to the catalytic subunits of the F 1 -ATPase ␤-subunit and its homologs (40) . Thus, we examined the effect of this reagent on the gliding ghost to address the direct roles of MMOB1660 and MMOB1670 in gliding motility, but no effect was detected. This result may suggest that MMOB1660 and MMOB1670 are not directly involved in the gliding mechanism. P42 (MMOB1050), coded just downstream of three gliding proteins, was reported to have ATPase activity (21) , and its characteristics are similar to those predicted from the behaviors of the gliding ghost (26) . Therefore, this protein may function as the motor for gliding.
Comparison with the Architecture of M. pneumoniae. M. pneumoniae also glides by means of a membrane protrusion, named ''the attachment organelle,'' formed at a cell pole (2) (3) (4) (5) 46) . The attachment organelle is known to have a cytoskeletal structure functioning as the scaffold for machinery of adherence and gliding (8, 31, 32, 41) . This structure consists of three parts, a terminal button, rod, and wheel (bowl) from the distal end (42) . The appearances of the terminal button and rod are reminiscent of the bell and tentacles of the jellyfish structure of M. mobile. To date, 11 protein components have been shown to be involved in the architecture of M. pneumoniae (2-7, 43, 46) . Interestingly, none of them has similarity to the protein components of the jellyfish structure of M. mobile in terms of their amino acid sequences or, moreover, with any ORFs in the M. mobile genome (11) . At the same time, no homologs of the proteins of the jellyfish structure can be found in the M. pneumoniae genome, except the phosphoglycerate kinase, MPN429, involved in glycolysis (44) . The amino acid sequences of four gliding proteins, Gli123, Gli349, Gli521, or P42 also show no similarity to any of the ORFs of M. pneumoniae (20) . These facts may suggest that the primary structures of gliding machinery are divergent between these two mycoplasma species. Some commonality may be found between the systems of the two species, if we could determine the three-dimensional structures of these proteins.
Conclusions
The mechanism supporting the strong force generated by the gliding machinery of M. mobile has been unexplained. In this study, we obtained critical information that led to our proposal of a structural model, the cytoskeletal jellyfish structure, which is distinct from any other bacterial cytoskeleton. It is hoped that this structure will shed light on our understanding of the bacterial cytoskeletons and their evolution.
Materials and Methods
Strains and Culture. The wild-type and mutant strains of M. mobile strain 163K (ATCC 43663) were grown in Aluotto medium at 25°C (33) . The mutant strains, m12, m13, and m9, mutated for the gli123, gli349, and gli521 genes, respectively, were reported previously (18) (19) (20) 33) . The adhesive strain substituted for the gli521 gene as P476R has been reported (26) . In the present study, this strain was used as the standard strain, when not otherwise mentioned, because the character of better binding is efficient for microscopy.
Electron Microscopy. Mycoplasma cells suspended in the fresh medium at 10-fold density of the culture were put on a carboncoated EM grid and incubated for 10 min at room temperature (RT). The medium was removed and replaced by Triton solution (0.01% to 1% Triton X-100, 1 mg/ml DNase, and 5 mM MgCl 2 in PBS consisting of 75 mM sodium phosphate (pH 7.3), and 68 mM NaCl) for 1 min at RT. Triton solution was then removed, and the grid was stained for 1 min by 2% ammonium molybdate (vol/vol) and air-dried. When the jellyfish structures were compared among the strains, the cells in suspension were treated by the Triton solution containing 0.3% Triton X-100, put on EM grids, and then treated as described above. The samples were observed by an H-7000 transmission electron microscope (Hitachi) at 90 kV. Whole micrographs were digitized as 16-bit images by using DuoScan HiD (Agfa). Each particle image was picked up and averaged by EMAN, version 1.6 (http:// ncmi.bcm.tmc.edu/ϳstevel/EMAN/). Fourier transformation was done by Image J 1.37v (http://rsb.info.nih.gov/ij/).
Identifying Protein Components. Mycoplasma cells were collected by centrifugation at 12,000 ϫ g for 10 min at RT, washed twice with PBS/G (PBS containing 10 mM glucose), and resuspended by PBS/G to be 10-fold concentrated from the cell culture. The cells were filtered through a nitrocellulose filter (pore size, 0.45 m) to disperse cells. The cells were treated by Triton solution (0.01-0.3% Triton X-100, 1 mg/ml DNase, and 5 mM MgCl 2 in PBS) for 1 min at RT. The Triton-insoluble fraction was collected by centrifugation at 20,000 ϫ g for 20 min at 4°C. The protein amounts were estimated by scanning and profiling the gels, as described (20) . Focused protein bands were cut off and subjected to PMF by MALDI-TOF MS, as described (45) . Mass spectra were measured in the reflectron mode of a MALDI-TOF mass spectrometer (AXIMA CFR Plus, Shimadzu/Kratos) operated in delayed extraction mode. Proteins were identified by an algorithm named Profound (http://prowl.rockefeller.edu).
Immunofluorescence and Immunoelectron Microscopy. The polyclonal antibodies (antisera) were produced as described (17) by using the SDS/PAGE protein bands of mycoplasma cell fraction insoluble for Triton X-100. The specificity of antisera against the target proteins was confirmed by Western blotting. Mycoplasma cells of the standard strain suspended in a fresh medium were bound to cleaned glass and stained for the identified proteins, as described (6, 19) . After chemical fixation by 3.0% paraformaldehyde and 0.1% glutaraldehyde for 30 min at RT, the cells were treated by 0.1% Triton X-100 in PBS for 1 min at RT if necessary. One-thousandfold and 100-fold dilutions were used for the antisera against the component proteins and Mvsps N and O, respectively.
For ImmunoGold EM, the cells bound to EM grids were treated by the Triton solution containing 0.3% Triton X-100 and fixed by 3% paraformaldehyde and 0.1% glutaraldehyde in PBS for 10 min at RT, and washed three times by PBS. The jellyfish structures on grids were treated by one 10-fold diluted antiserum against the component protein in PBS containing 2% BSA and washed five times by PBS. Then the jellyfish structures were treated by one 10-fold diluted gold-labeled secondary antibody (5 nm colloidal-gold-labeled goat antibody, Sigma) in PBS containing 2% BSA for 30 min at RT, washed five times, and then stained by 2% molybdate.
